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INTRODUCTION AND REVIEW OF LITERATURE 
Within recent years, the nutritional needs of a number of 
insects reared under controlled conditions have been quite 
well defined. Because the Class Insecta is the largest class 
of animals known, both in kind and number, and because its 
members inhabit a variety of ecological niches that challenges 
the imagination, it is not surprising to find that there are 
many types of natural diets among insects. For some, partic­
ularly the phytophagous and parasitic insects, nutritional 
knowledge is fragmentary. However, a considerable body of in­
formation has been amassed concerning all, or a portion of, 
the specific dietary requirements of many insects, especially 
those used for experimental purposes in insect physiology and 
toxicology. 
These specific requirements frequently depend, as implied 
above, on the type of habitat, and also to a large extent on 
the presence or absence of a localized internal micro-flora 
and/or -fauna. For many insects, the dietary requirements are 
not unlike those of mammals, particularly with reference to 
amino acids and vitamins. The emerging problems in the field 
of insect nutrition are to correlate elements of the required 
diet with metabolic processes, and to compare these processes 
with those of other animals. The present paper represents an 
effort in these directions. 
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For a general survey of insect nutrition, the reader is 
referred to some of the excellent review articles on that sub­
ject which have appeared in recent, and some in not so recent, 
times (Uvarov, 1928; Hoskins and Craig, 1935; Trager, 1941 and 
1947; Fraenkel, 1943; Lipke and Fraenkel, 1956; House, 1961; 
G-ilmour, 1961). 
The confused flour beetle, Tribolium confusum Duval, has 
been the subject of a great number of studies, nutritional and 
otherwise, probably because of the convenience of culturlng 
and the short life cycle of this organism. Much of the early 
dietary work on T. confusum dealt with the nutritional and 
physical suitability of various types of flour. The more re­
cent definitive work on required food factors for this insect 
began with a series of papers by Fraenkel and Blewett (1943a 
and b) elucidating the main vitamin needs. Carnitine was later 
added to the original list (French and Fraenkel, 1954), and 
certain other required factors contained in yeast, apparently 
vitamins, are still under discussion. 
The amino acid requirements for the larva of T. confusum 
have been established by Lemonde and Bernard (1951a and b) and 
confirmed by Fraenkel and Printy (1954). The essential amino 
acids for this insect are 10 in number and are identical to 
those required for mammals such as the rat, dog and mouse, as 
well as some other insects, for example the pink bollworm, 
Pectlnophora gossyplella (Vanderzant, 1958). These acids are 
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arginine, hlstidine, isoleucine, leucine, lysine, methionine, 
phenylalanine, threonine, tryptophane, and valine. Addition 
of 9 other amino acids (Table 1) to the diet of T. confusum 
facilitated growth but was not essential to it. 
One of the aims of this study was to compare the methio­
nine metabolism of T. confusum with that of mammals. The 
rationale for the particular experimental diets here selected 
was based, therefore, on published reports of methionine me­
tabolism in mammals, as summarized by Bach (1952), Mc Elroy 
and Glass (1955), Fruton and Simmonds (1958), and Young and 
Maw (1958) (see Figure 1). It is known that methionine is 
converted in a series of steps, one involving participation of 
serine, to cystine; and further that cystine and homocysteine 
(one of the intermediates in the conversion) exert a sparing 
effect on dietary methionine. Cystine and homocysteine can 
replace methionine to an extent if appropriate vitamins are 
present (B^g and folic acid; see discussion under Materials 
and Methods), but it is questionable whether they can promote 
much, if any, growth in absence of methionine. 
Apparently the first step in the metabolic conversion of 
methionine is demethylation, thus forming homocysteine. The 
latter then combines with serine to form cystathionine. From 
here, two different routes may be followed: 1) synthesis of 
cysteine (and therefore probably cystine) and subsequent ca-
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A 
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ACID 
Figure 1. The metabolic conversion of methionine in mammals. 
Summarized from information contained in Bach, 
1952; Mc Elroy and Glass, 1955; Fruton and Simmonds, 
1958; and Young and Maw, 1958 
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tabolism to taurine; 2) formation of alpha-amino-N-butyric 
acid, via homoserine (threonine may also give rise to homo-
serine; see Figure l). 
That it is not amiss to think the same pathway might ex­
ist in Insects is, in the writer's opinion, amply demonstrated. 
In spite of the fact that Insects and mammals, as members of 
the phyla Arthropoda and Chordata, respectively, occupy pin­
nacles of two different major branches of the evolutionary 
"diphyletic tree", many biochemical similarities have been 
shown to exist between them. More specifically, methionine is 
a dietary requirement in most (though not all) of the insects 
so tested, and cannot usually be replaced by cystine, though 
the latter can often spare methionine (Vanderzant, 1958; Gil-
mour, 1961). Taurine, especially, and often alpha-amino-N-
butyric acid, are found among the free amino acids in insect 
hemolymph (Pratt, 1950; Wyatt, 1961), even though these are 
not constituents of the diet. The occurrence of methionine 
conversion to alpha-amino-M-butyric acid in the German roach, 
Blatella germanica, was shown by Auclair (1959), who further 
comments that, where this amino acid appears in the blood but 
not in the diet, it may be assumed to have come from methio­
nine. Some insects, however, require or prefer cystine in­
stead of methionine. This was shown to be the case in a mos­
quito, Aedes aegyptl (Dlmond et al, 1956), in which methionine 
apparently could not replace cystine, and also in the black 
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blow fly, Phormla reglna (Hodgson et al, 1956) In which methio­
nine could only partially spare cystine. 
In attempting, then, a comparison of methionine metabolism 
in Trlbollum confusum with that in mammals, it was thought that 
the following questions could be answered with the means avail­
able: 
(1) Whether cystine can spare or replace methionine 
in the diet. 
(2) Whether homocysteine can spare or replace 
methionine in the diet. 
(3) Whether the absence of methionine alone has any 
detectable effect. 
(4) Whether the absence of cystine alone has any 
detectable effect. 
(5) Whether alpha-amino-N-butyric acid and taurine 
are present among the free amino acids when the 
diet is complete, and if so, whether there is a 
change in concentration of these acids in diets 
deficient in methionine and/or cystine. 
(6) Whether cystine and methionine are present among 
the free amino acids when the diet is complete, 
and if so, whether there is a change in concen­
tration of these acids when either or both of 
them are removed from the diet. 
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Additional aims of this study were to determine whether 
there were differential effects of the deficiencies on the 
male and female beetles, since in some insects, for example 
the German roach (Hilchey, 1953), there is a sex difference 
in the amino acid requirements. Chen (1958) has shown a 
quantitative difference in the free amino acids of normal 
male and female Culex pipiens, a mosquito. 
It was also thought to be of interest to determine the 
effects on the metabolic rate, as reflected by oxygen con­
sumption, because of the suggestion by some (mentioned by 
Bach, 1952) that enzymes using ATP as a substrate always 
have active sulfhydryl groups, thereby suggesting a relation 
between a major mechanism for energy release and the avail­
ability of -SH groups. 
Finally, evidence has accumulated that liver necrosis 
(so-called "fatty degeneration") in mammals is, in part, 
associated with deficiencies of methionine and cystine (Dent, 
1947a; Bach, 1952). Therefore, it was deemed to be of inter­
est to examine the tissues of deficient T. confusum, partic­
ularly the fat bodies, to see if a similar histological effect 
might have been produced. Since the histology was only a minor 
part of the present study, this last aspect of the problem 
will not be deeply pursued. 
The artificial diet used in this study was compounded as 
a complete diet for development of the larval stages, not 
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necessarily the adults, of T. confusum. However, since, in 
nature, the adult s and larvae live concurrently under identi­
cal conditions, consuming the same food, it is regarded as 
wholly reasonable to assume the compounded diet is adequate, 
within limits, for growth and sexual development of adults of 
this species. And so it has been shown to be (Broseghini, 
1956 and 1959). 
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sodium hypochlorite solution (a 1:5 mixture of commercial 
bleach, containing 5.25# sodium hypochlorite, and tap water; 
this amounted to about 0.9# sodium hypochlorite), followed by 
a one-minute agitated rinse in tap water. The pupae were then 
blotted dry between several layers of facial tissue. 
Occasionally, when a large number of adults was needed in 
a short time, older larvae were removed from the stock culture 
along with the pupae. The larvae were placed, in groups of 
100 to 150, in small culture jars containing ground stock food. 
They remained there until pupation had occurred, whereupon the 
pupae were very readily sifted out, and could then be put 
through the same routine as described above for the other 
pupae. This procedure merely insured a very rapid and ready 
supply of pupae. 
Beginning the experiments with the pupal stages met the 
twofold requirement of controlling the age and knowing the sex 
of the adults. After the washed pupae were placed in the in­
cubator, they were inspected daily and all emerged adults were 
removed. These were then ready to be introduced into the test 
diets. In this way, all of the beetles in any given synthetic-
diet culture jar varied in age no more than 24 hours. As for 
sex, this could be diagnosed externally only in the pupal 
stage. 
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MATERIALS AND METHODS 
An estimated 4,500 adults of Trlbollum confusum Duval 
were used In this study, and all were obtained from a culture 
which has been maintained In this laboratory continuously for 
approximately twelve years. The stock diet for this culture 
Is a mixture of rolled oats, fish meal and brewer's yeast. 
T. confusum (Figure 2) Is among the smaller members of 
Tenebrlonidae (Coleoptera), the adults measuring some 3 to 4 
mm. in length. 
For the purpose of testing techniques, adults were taken 
at random from the stock culture and used directly. When ex­
perimental subjects were needed, pupae were removed from the 
culture, segregated by sex, washed and placed (in petrl 
dishes) in the 28°C incubator. Pupae were removed from the 
stock culture by sifting portions of the culture material 
through a number 20 sieve. The adults, pupae and larger larvae 
(along with the larger bits of food) remained behind, and the 
pupae could be readily picked from the screen with a moistened 
number 2 camel's hair brush. Segregating the sexes was ac­
complished by examining the posterior abdominal segment, ac­
cording to the method of Chapman (1918). 
The washing procedure involved placing the pupae in a 
plastic vial which was closed at each end with a perforated 
cap. The vial was then immersed for 3 minutes In a weak 
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Experimental Diets 
The type of diet used in these experiments would, in the 
terminology of Dougherty (1959, cited by House, 1961) be a 
chemically defined diet of the meridle type. That is, a medi­
um in which most of the constituents have exactly known chem­
ical structure, but with one or more substances of unknown 
chemical structure or uncertain purity added. The medium In 
question is that devised for Trlbollum confusum by Lemonde and 
Bernard (1951a and b) and contains materials found by them to 
be necessary for growth and pupation of the larval stages. 
The only ingredients of uncertain composition in this synthet­
ic diet are wheat-germ oil and whole brewer's yeast. The com­
plete diet as given by Lemonde and Bernard contains nineteen 
amino acids, nine vitamins and certain other components (see 
Table 1 for complete list). 
Cyanocobalamin (vitamin B%g) was not a part of the orig­
inal diet of Lemonde and Bernard but has been included In the 
main experiments of the present study for the following rea­
sons. In higher animals, B^g has an important bearing on cer­
tain phases of methionine-related metabolism, notably In the 
utilization of methionine methyl groups, biosynthesis of meth­
yl groups, etc. (Anonymous, 1956; Fruton and Simmonds, 1958). 
Further, Fruton and Simmonds (1958) point out that, in order 
for rats to grow on a homocystine diet free of methyl com-
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Table 1. Composition of synthetic control diet 
G-ms/lOOgms fjgm/gm 
Ingredientsa of diet Vitamins of diet 
Salts (No. 2j 
1.00 
2.00 
1.00 
8.00 
4.00 
0.05 
0.05 
0.02 
0.01 
(continued p. 13) 
^Ingredients purchased from Nutritional Biochemical 
Corporation, unless otherwise noted. 
^General Biochemicals, Inc. 
^Composition of the salt mixture is as follows: 
Ingredients % Composition 
Calcium lactate 32.60 
Calcium biphosphate 13.58 
Ferric citrate 2.96 
Magnesium sulfate 13.70 
Potassium biphosphate, dibasic 23.99 
Sodium biphosphate, monobasic 8.73 
Sodium chloride 4.35 
^•International Minerals and Chemical Corporation 
USP XIII)o,c 2. 00 Thiamin (B^) 
Wheat-germ oil 1. 50 Riboflavin (Bg) 
Cholesterol 1. 00 Pyridoxine (Bg) 
Sodium bicarbonate*3 1. 59 Nicotinic acid 
Brewer's yeast 0. 50 Ca pantothenate 
Dextrin 74. 30 Blotin 
Amino acids 20. 70 Cyanocobalamin (B%g) 
DL-alpha alanine 0. 49 Folic acid 
L-arginine 0. 50 Carnitine (Bm)<a-
13 
Table 1 (Continued). 
G-ms/100 gms jjgm/gm 
Ingredients® of diet Vitamins of diet 
Amino acids (continued) 
DL-aspartic acid 0.49 
L-cystine 0.24 
L-glutamic acid 2.44 
glycine 0.12 
L-hlstidlne HCl 1.05 
L-hydroxyproline 0.12 
DL—1s oleucine 1.95 
L-leucine 1.47 
L-lysine HCl 1.83 
DL-methionine 0.98 
DL-phenylalanine 1.47 
L-proline 0.24 
DL-serlne 0.24 
DL-threonine 1.71 
L-t rypt ophane 0.49 
L-tyroslne 0.73 
DL-valine 2.44 
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pounds, B^2 and folic acid (already a constituent of Lemonde's 
and Bernard's Trlbollum diet) must be present. While the need 
for cyanocobalamln has not been generally demonstrated among 
Invertebrates (Gilmour, 1961), sufficient reports have ap­
peared concerning the requirement of this vitamin by insects 
to warrant caution in its omission from the diet. For ex­
ample, the female onion maggot, Hylemya antlqua, requires B^g, 
and a wild type of Drosophlla melanogaster develops to maturity 
on a diet including this vitamin (cited by Lipke and Fraenkel, 
1956). Similarly, Blattella germanlca ceased growing during 
the second generation on a B^g-deflcient diet (cited by House, 
1961). Trlbollum confusum apparently lacks a micro-flora 
(Jensen, Petersen and Tauber, 1959), a major source of vita­
mins in many insects. The facts that T. confusum requires all 
of the other major B vitamins and lives in a very dry medium 
also suggest that a vitamin-contributing micro-flora is miss­
ing in this species. It was therefore thought wise to obviate 
potential difficulties by the inclusion of cyanocobalamln in 
the experimental diets. The amount added was the same as that 
of biotin. 
One additional change was made in the vitamin content of 
the diet. Because of its activity as a methyl donor, it was 
felt that choline might obscure the effect of methionine. 
Adult beetles have been reared in this laboratory! on diets 
^Unpublished data, J. S. Jensen. 
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which Included no choline, except that contained in yeast, for 
periods of 60 days or more with no apparent ill effects. While 
this vitamin has been reported as being "of some value" to the 
larvae of T. confusum, these larvae nevertheless grew quite 
well without it (Fraenkel and Blewett, 1943a and b). It was 
thus decided to omit the choline called for in the compounded 
diet and rely upon the amount found in the yeast. 
In this study, four different deficiency diets were em­
ployed, all based on published reports of methionine metabo­
lism in higher animals as discussed in the introduction. The 
four test diets and the control were as follows: 
A. Control diet. Complete synthetic diet essentially 
as devised by Lemonde and Bernard, with cyanocobal­
amln added and choline omitted (Table l). 
B. Synthetic diet as given in Table 1, less methionine 
(the nitrogen of methionine was replaced by an 
equivalent amount of glutamic acid, as per the 
procedures of Lemonde and Bernard). 
C. Synthetic diet as given In Table 1, less cystine 
(N-equivalent of cystine replaced by glutamic acid). 
D. Synthetic diet as given in Table 1, less methionine 
and cystine (N-equivalent s of both replaced by glu­
tamic acid). 
E. Synthetic diet as given in Table 1, less methionine 
and cystine, but with homocysteine added to replace 
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methionine (N-equivalent of cystine replaced by 
glutamic acid). 
In preparing the diets, the dry amino acids, salt mix­
ture, sodium bicarbonate and cholesterol were weighed out, 
mixed together and tumbled for about two hours in a tumble-
mixer consisting of jars mounted on a large, motor-driven 
disk (Figure 3). Then the dextrin and wheat-germ oil were 
added, mixed and tumbled for approximately one hour. The 
vitamins were added next. To insure complete distribution of 
their minute quantities, the vitamins were added in aqueous 
solution by means of a De Vilbiss atomizer, the diet material 
being stirred very frequently during the spraying. The mor­
tar containing this mixture was placed in an oven (45 to 50°) 
overnight, or for about 12 hours. Following the drying, yeast 
was added and the material was then ground in the mortar until 
it had a uniform, fine consistency. The entire mixture was 
given a final tumbling of from one to two hours. 
Each diet was made in a quantity of 100 grams, which was 
sufficient to feed 500 beetles for the chosen duration of the 
experiments. As newly-emerged adults became available they 
were placed on the diets, so that the process of populating a 
given diet was staggered over a period of 3 to 4 days. The 
beetles and their food were placed in polystyrene jars 2" x 
2^™ high in the proportion of 5 beetles per gram of food, with 
(ordinarily) a maximum of 50 beetles and 10 grams of food in a 
Figure 2. Adult of Trlbollum confusum Duval (top center) 
Figure 3. Device for tumble-mixing the diet material. The 
disk has a rim of rubber tubing which rides 
against a rubber cone mounted on the shaft of 
the motor (upper left) 
Figure 4. Polystyrene grinding vial and ball-pestle, used 
for preparing the beetle homogenates (upper right) 
Figure 5. Automatic spotting machine used for applying 
beetle-extract to chromâtogram papers (lower left) 
Figure 6. Typical density graph and strip from a chromâtogram 
from which the graph was made (lower right) 
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given jar. The Jar was closed by a single layer of general-
purpose optical tissue ("Kimwipe") held in place by a rubber 
band. The tissue was porous enough to permit ample ventila­
tion while excluding stray beetles. Beetles of only one sex 
were added to each Jar. This procedure had an inherent con­
trol because the duration of the experiment was sufficient 
for reproduction to have advanced well into the larval stages, 
and if an error in segregating the sexes had occurred one was 
certain to find many larvae in the Jar. The writer was, in 
fact, obliged to discard 2 experimental Jars, out of the 66 
employed, because of this error. 
The feeding experiments were run for 40 to 53 days, de­
pending on the type of analysis, during which time the diet 
Jars were maintained in a constant-temperature cabinet at 28 
to 29°G. That the beetles were actually consuming the food 
was certain since it had been previously observed^ in this 
laboratory that newly-emerged, unfed adults could survive 
little longer than about 10 to 12 days. The details of the 
diet experiments are summarized in Table 2. 
Unpublished data, H. N. Petersen and J. S. Jensen. 
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Table 2. Numbers of Trlbollum confusum adults used In, and 
duration of, each phase of the diet experiments 
Chromât ography 
Total no. First extraction . Second extraction 
beetles Duration Number Duration Number 
Diet per diet Sex of diets beetles of diets beetles 
A 
A 
B 
B 
C 
C 
D 
D 
D 
D 
D 
rpt, 
D 
rpt, 
E 
E 
255 
236 
256 
235 
233 
135 
125 
125 
110 
110 
235 
206 
249 
244 
f 40 days 
m 40 w 
f 
m 
f 
m 
f 
f 
m 
m 
f 
m 
f 
m 
40 
40 
43 
43 
24 
46 
24 
45 " 
44 11 
44 " 
40 » 
40 " 
42 
54 
49 
41 
43 
43 
50 
60 
50 
58 
40 
28 
54 
40 
43 days 
41 " 
44 
44 
43 
24 
24 
45 
45 
44 
44 
44 
54 
47 
45 
42 
50 
49 
43 
37 
57 
28 
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Table 2. (Continued). 
Warburg determinations Histological analysis 
Duration Number Duration Number 
Diet Sex of diets beetles of diets beetles 
A 
A 
f 
m 
43 days 
43 " 
60 
60 
50 days 
50 " 
7 
7 
B 
B 
f 
m 
42 " 
42 » 
30 
30 
53 " 
53 " 
5 
5 
C 
C 
f 
m 
41 " 
41 • 
50 
30 
53 " 
53 " 
5 
5 
D 
D 
f 
m 
50 " 
50 " 
5 
5 
D 
rpt, 
D 
rpt, 
f 
m 
45 " 
45 " 
60 
60 
E 
E 
f 
m 
42 " 
42 " 
60 
40 
45 • 
45 " 
5 
4 
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Methods of Analysis 
Chromât ography 
Changes In the free amino acids under deficiency condi­
tions were analyzed by means of two-dimensional, descending, 
paper chromatography. After the feeding experiments had run 
an average of 43 days (see Table 2), the beetles were sifted 
from their diet material and placed in a petri dish lined 
with a disk of clean filter paper. The dish was returned to 
the constant-temperature cabinet for approximately 24 hours 
prior to extraction. The purpose of this waiting period^was 
to permit the beetles to complete digestion and absorption of 
any food material in their intestinal tracts, especially the 
pure diet amino acids which could introduce artifacts into 
the chromâtograms. 
The beetles were then washed for three minutes in running 
distilled water, in the same washing chamber as previously 
described, and blotted dry with facial tissue. They were next 
weighed. Ethanol extracts of the free amino acids were pre­
pared essentially according to the technique of Fox, Mead and 
Munyon (1959). The extraction was carried out by adding to a 
polystyrene vial, 1" x in diameter (Figure 4), 0.75 ml. 80# 
ethanol, an average of 40 to 50 beetles, and one polystyrene 
ball-pestle. The vial was tightly closed with a polyethylene 
cap and placed in a Spex "mixer-mill" for 15 minutes of thor-
24 
The spotted chromâtograms were run from 20 to 22 hours 
in the short dimension in a 4:1:5 mixture of butanol, acetic 
acid and water, within a large, well Insulated "Chromâtocab" 
(Research Specialties Company). The papers were then run for 
22 to 23 hours in the long dimension in a 4:1 mixture of Merck 
liquefied phenol (88# phenol) and borate buffer (pH 8.25). 
These solvent mixtures are the same as those employed by Fox, 
Mead and Munyon (1959). Prior to the run in each dimension, 
the atmosphere in the cabinet, with the dry papers present, 
was saturated with the solvent, usually for 18 to 20 hours. 
The actual run was initiated by addition of 100 ml. of solvent 
to each trough through portholes in the cabinet top. After 
each run, the papers were dried in a hood for 12 or more hours 
before the next phase of the procedure was begun. 
The amino acid spots were developed by spraying on a 0.25# 
solution of ninhydrin made up with a mixture of 7# acetic acid 
and 93# acetone. This was applied with an all-glass sprayer 
attached to a compressed-air line. A pressure gauge was in­
serted in the sprayer line to insure constant spraying pres­
sure (about 175 mm. Eg.). 
The quantity of amino acid present in several of the 
spots was determined by transmission densitometry, using a 
Photovolt densitometer designed for this purpose. The read­
ings were plotted on graph paper (Figure 6) and the area under 
each curve determined by means of a compensating polar plani-
23 
ough grinding. It is believed that this particular use of the 
Spex mill is unique, the machine having been designed to ac­
comodate larger grinding jars for other purposes, but it was 
found to be very workable for homogenizing these small biolo­
gical samples (the total weight of the number of beetles ground 
at one time was approximately 70 to 90 mg.). The homogenate 
was then centrifuged for 10 minutes and the supernatant used 
directly for spotting the chromâtograms. 
Generally, two groups of beetles of each sex were extracted 
for each diet, and three chromât ograms, 18^" x 22-^", were pre­
pared from each extract, making a total of 12 per diet. Be­
cause of the rather dilute nature of the extract, a large 
quantity (100 pi.) of it was spotted on each chromâtogram. 
This necessitated gradual application. For this purpose, an 
automatic spotting machine (Figure 5) was designed and con­
structed which was capable of slowly delivering exact quan­
tities of fluid. It consisted of a £cc. syringe coupled to a 
micrometer which was driven by a 2 rpm. synchronous motor, 
which in turn was controlled by a self-resetting timer motor. 
Variation in timing by this device was found to be less than 
1%. To minimize the size of the original spot on the paper, 
the extract was dried as it was applied by a continuous stream 
of air that was filtered through cotton and CaClg and then 
warmed by a microburner. Ten minutes were required to apply 
100 (il. 
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meter. It was deemed not useful for this study to determine 
absolute quantities of the acids present. Rather, the quan­
tities of acids present in the chromâtograms of deficient 
beetles are expressed relative to those in the control (diet 
A) beetles. 
Identification of the spots on the extract chromât ograms 
was done by cochromat ography with known pure amino acids. A 
sufficient quantity of extract was applied to 9" x 9" papers 
to permit definite location of the spots. To the original 
spot on each paper (before running in the solvents) were added 
1 to 8 fil of a 0.05# solution of one known amino acid. The 
papers were run in the same solvents, following a similar pro­
cedure as described above, but requiring only 3 to hours 
for each dimension. The identity of a given spot was inferred 
from noting which of the known acids reinforced that particular 
spot on the paper. A number of separate papers were run for 
each of the amino acids listed in the synthetic diet (Table 1) 
and for each of the following: alpha-amino-N-butyric acid, 
cysteic acid, glutamine, homocystele acid, homocysteine, 
methionine sulfone, methionine sulfoxide, and taurine. In 
addition to these small papers, considerable of the mapping 
was carried out on 11" x 11" papers and on large sheets using 
the same procedures. Certain specific tests were made for a 
few of the amino acids: Feigl's sodium azide:iodine reaction 
for the sulfhydryl form of methionine, isatin for proline and 
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hydroxyproline, and periodateîNessler's reagent for serine 
(Block, Durrum and Zweig, 1958). 
Warburg determinations 
Oxygen consumption rates in experimental and control 
beetles were measured using standard Warburg procedures as 
outlined by Dixon (1952) and Umbreit, Burris and Stauffer 
(1957). Beetles were removed from the diet jars in the usual 
manner, weighed, and placed, in groups of 10 (usually) or 20, 
in the reaction vessels of the Warburg apparatus, using 10# 
KOH as a COg absorbent. The number of beetles used from each 
diet depended on the number available and varied from 30 to 
60 for each sex. The duration of exposure of these insects 
to each diet ranged from 41 to 45 days. 
All of the determinations were carried out at a bath 
temperature of 25°C. In order to establish a definite rate of 
oxygen consumption, manometer readings were taken at certain 
time Intervals. Diet A beetles were read every 5 minutes, 
but this was found to be unnecessary and unprofitable, so for 
B, D and E determinations the interval was 20 minutes, and 40 
minutes for the diet C beetles. The duration of measurement 
likewise varied from 90 minutes for the A determinations to 6 
hours and 20 minutes for the C beetles, and in most cases was 
much longer than actually necessary to establish the rate of 
oxygen consumption. The final calculations were made in terms 
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of jul. Og consumed per mg. beetle weight so that direct com­
parison of results could be made between and among the diets. 
Histological techniques 
Four to 7, usually 5, beetles of each sex from each diet 
were dissected. The duration of feeding of these beetles was 
somewhat longer than that for the previous analyses (see 
Table 2). The beetles were removed from the food, cold-
narcotized in a refrigerator (about 5 minutes) and immobilized 
dorsum up in a paraffin plate. Under insect physiological 
saline solution, the viscera were exposed by removal of the 
wings and dorsal body wall. The saline was then poured off, 
and the exposed tissues fixed in situ for 45 minutes with 
Serra1s fixative (6 ethanol: 3 formalin: 1 acetic acid). The 
entire abdominal visceral mass was then dissected out, dehy­
drated in 95# and 100# ethanol followed by benzene, and finally 
embedded in paraffin-bayberry wax (9:1). Serial sections were 
cut at 5p and stained with Mayer's haemalum. 
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RESULTS, DISCUSSION AND CONCLUSIONS 
Free Amino Acids 
The pattern of free amino acids in Tribollum confusurn 
fed on the synthetic control diet was found to be the same 
as that of beetles from the stock culture, with one excep­
tion. No free threonine appears in chromât ograms from stock 
beetles, but is among the more prominent spots in the chroma-
tog rams of experimental beetles (all diets). The reason for 
this is not obvious, but possible explanations can be sug­
gested. The appearance of threonine, which is prominent 
among the amino acid constituents of the synthetic diet (con­
stituting a little over Q% of the amino acids) may indicate 
that more threonine is being fed in the synthetic diets than 
the beetles actually utilize, even though this Is one of the 
essential amino acids, or this appearance could reflect an 
inadequacy of the diet. In the latter connection, however, 
it was noted that in the one diet in which some of the sub­
jects were analyzed after a relatively short exposure (diet 
D, 24 days; see Table 2), threonine was already very promi­
nent in the chromât ograms. 
Threonine aside, 13 amino acids are common to the 
chromâtograms of both control (Figures 7 and 8) and stock-
culture beetles. These are: alanines (probably alpha and 
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beta), aspartic acid, glutamic acid, glutamine, glycine, 
histidine, leucines (probably leucine and isoleucine), lysine, 
methionine sulfoxide, proline, serine, tyrosine and valine. 
The fact that methionine appears in the sulfoxide instead 
of sulfhydryl form is interesting, but possibly not signifi­
cant in view of the ready oxidizability of this amino acid. 
Although Bach (1952) points out the feasibility of methionine 
oxidation to the sulfoxide being an intermediate step in the 
pathway from methionine to homocysteine, Young and Maw (1958) 
note the lack of proof for the existence of enzymes capable 
of this conversion. Both of the just-cited treatises deal with 
mammalian chemistry, however, and do not exclude the possibil­
ity of such a step occurring in an insect. Nevertheless, in 
the present writer's opinion, this oxidation could very easily 
have occurred during the extraction procedure. 
The spots representing lysine and histidine tended to 
shift position somewhat from time to time, as did the serine 
spot, though serine did so to a lesser degree. The overall 
pattern, however, was quite constant, making it relatively 
simple to follow the fates of individual amino acids during 
the course of the experiments. It might be added that the 
amino acid pattern here observed for Trlbolium confusum is 
quite similar in many respects to that observed, for Dro-
sophila melanogaster, by Fox, Mead and Munyon (1959), whose 
chromatographic procedures were followed in the current ex-
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périmente. Differences were the presence of some peptides, 
taurine, arginine, and the -SH form of methionine, none of 
which were observed in Trlbollum, and the apparent absence of 
methionine sulfoxide. This brings to light an Interesting 
point, however. These authors, and the present one, were all 
using the same extraction procedure, yet D. melanogaster 
yielded sulfhydryl methionine and T. confusum methionine 
sulfoxide, indicating the possibility that the latter com­
pound is a real constituent of the free amino acids of this 
beetle and not merely an oxidation artifact. 
Though Fox, Mead and Munyon attribute their "methionine" 
spot to methionine, methionine sulfoxide, or both, In the 
present study methionine sulfoxide repeatedly migrated to a 
certain characteristic position, below and to the left of pro­
line (Figures 7 and 8), which differed markedly from the 
"methionine" spot of the above authors. Their spot is above 
and to the left of proline. Further, when the sulfhydryl form 
of methionine was added to papers in the present study, it 
always migrated exactly to the place indicated by Fox, Mead 
and Munyon as the "methionine" spot. From the latter authors' 
paper, it was not clear whether methionine sulfoxide was spe­
cifically tested for, or whether a (not unreasonable) assump­
tion was being made. That the identification of methionine 
sulfoxide in the present study is likely to be correct is 
further substantiated by comparison of Rf values (ratio of 
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distance of movement of a compound to movement of the solvent 
front) here obtained, with published values for essentially 
the same solvents (Block, Durrum and Zweig, 1958). These val­
ues proved to be remarkably similar. Though Rf values may 
vary under different conditions, they have some merit as a 
basis for rough comparison. In view of the above, the pres­
ent writer feels justified in concluding that the chromâto-
gram spot in question is, indeed, methionine sulfoxide. 
Effects of experimental diets on free amino acids 
Changes in the free amino acids in response to the four 
deficiency diets will be presented in summary fashion first, 
and then discussed together. 
Diet B (less methionine): The chromâtogram spot corre­
sponding to methionine sulfoxide was entirely absent, and 
there was an Increase in the threonine concentration of ap­
proximately 50# over that of the control. The locations of 
the remainder of the spots were similar to those in the con­
trol chromâtograms. (See Figures 9 and 10.) 
Diet C (less cystine): These chromât ograms were essen­
tially like those of the control beetles. Methionine sul­
foxide was of approximately the same concentration as in the 
controls for the females, but was of a somewhat higher con­
centration (about 25#) in the male experimental beetles than 
in the controls. Threonine remained the same in C males as 
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in the controls; a slight increase (about 12#) of threonine 
in the females may well have been an artifact because of the 
small number of chromâtograms read with the densitometer. 
Also, either the lysine and histidine spots had shifted very 
far to the right, or else lysine is missing and a new spot 
has appeared, the identity of which is not known (though it 
is near the position of methionine sulfone). (See Figures 11 
and 12.) 
Diet D (less methionine and cystine): This diet pro­
duced essentially the same result as did diet B. Methionine 
sulfoxide disappeared altogether, and threonine again in­
creased, about 50# in the males and about 85# in the females. 
(See Figures 13 and 14.) 
Diet E (less methionine and cystine, with homocysteine 
added in place of methionine): Methionine sulfoxide "reap­
peared" to the extent of about 18# of the control level in 
the females, and about 25# in the males. Threonine increased 
about 50# in the females and about 100# in the males. An ad­
ditional effect in the diet E beetles appears to be the ab­
sence of serine from the free amino acids, with a large in­
crease in the concentration of glycine. (See Figures 15 and 
16.) 
The main free amino acid changes occurring in response 
to the four deficiency diets followed a simple but well-
defined pattern: whenever methionine was absent from the 
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Figure 7. Chromât ograph of free amino acids from female 
Tribolium confusum fed the control diet (A) 
for 40 days. 
Extraction: 42 beetles homogenized in 0.75 ml. 
80# ethanol. 
1, Aspartic acid 8, Glutamine 
2, Glutamic acid 9, Histidine 
3, Serine 10, Methionine 
4, Glycine 11, Proline 
5, Threonine 12, Tyrosine 
6, Alanines 13, Valine 
7, Lysine 14, Leucines 
Figure 8. Chromât ograph of free amino acids from male 
Tribolium confusum fed the control diet (A) 
for 40 days. 
Extraction: 54 beetles homogenized in 0.75 ml. 
80# ethanol. 
Labels same as in Figure 7. 
Figure 9. Chromât ograph of free amino acids from female 
Tribolium confusum fed the diet deficient in 
methionine only (diet B) for 40 days. 
Extraction: 49 beetles homogenized in 0.75 ml. 
80# ethanol. 
1, Aspartic acid 8, Glutamine 
2, Glutamic acid 9, Histidine 
3, Serine 11, Proline 
4, Glycine 12, Tyrosine 
5, Threonine 13, Valine 
6, Alanine s 14, Leucines 
7, Lysine 
Note absence of methionine sulfoxide. 
Figure 10. Chromâtograph of free amino acids from male 
Tribolium confusum fed the diet deficient in 
methionine only (diet B) for 40 days. 
Extraction: 41 beetles homogenized in 0.75 ml. 
80# ethanol. 
Labels same as in Figure 9. Note absence of 
methionine sulfoxide. 
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Figure 11. Chromât ograph of free amino acids from female 
Tribolium confusum fed the diet deficient in 
cystine only (diet C) for 43 days. 
Extraction: 43 beetles homogenized in 0.75 ml. 
80# ethanol. 
8, 
9, 
10, 
1, Aspart1c acid 
2, Glutamic acid 
3, Serine 
4, Glycine 
5, Threonine 
6, Alanines 
7, Lysine 
Glut amine 
Histidine 
Methionine sulfoxide 
11, Proline 
12, Tyrosine 
13, Valine 
14, Leucines 
Note shift in position of spots 7 and 9, tenta­
tively identified as lysine and histidine, 
respectively. It is likely that 7 is actually 
histidine, and 9 a new, unidentified spot. 
Figure 12. Chromât ograph of free amino acids from male 
Tribolium confusum fed the diet deficient in 
cystine only (diet C) for 43 days. 
Extraction: 43 beetles homogenized in 0.75 ml. 
80# ethanol. 
Labels same as in Figure 11. 
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Figure 13, 
Figure 14. 
Chromâtograph of free amino acids from female 
Tribolium confusum fed the diet deficient in both 
methionine and cystine (diet D) for 46 days. 
Extraction: 60 beetles homogenized in 0.75 ml. 
ethanol. 
8, Glutamine 
9, 
1, Aspartic acid 
2, Glutamic acid 
3, Serine 
4, Glycine 
5, Threonine 
6, Alanines 
7, Lysine 
Histidine 
11, Proline 
12, Tyrosine 
13, Valine 
14, Leucines 
15, Unidentified 
Note absence of methionine sulfoxide. Note also 
that the ordinates and abscissa are mislabelled 
in the photographs on this page. The ordinates 
in both should be B-A-W (4:1:5); the abscissa in 
both, Phenol-Borate (80# - 20#). 
Chromât ograph of free amino acids from male 
Tribolium confusum fed the diet deficient in both 
methionine and cystine (diet D) for 45 days. 
Extraction: 58 males homogenized in 0.75 ml. 
80# ethanol. 
Labels same as in Figure 13. Note absence of 
spot 15, and also methionine sulfoxide. 
Figure 15. Chromât ograph of free amino acids from female 
Tribolium confusum fed the diet deficient in both 
methionine and cystine but with homocysteine 
added in place of methionine (diet E) for 44 days. 
Extraction: 57 beetles homogenized in 0.75 ml. 
ethanol. 
8, 
9, 
10, 
11, 
12, 
13, 
14, 
1, 
2, 
4, 
5, 
6, 
7, 
Aspartic acid 
Glutamic acid 
Glycine 
Threonine 
Alanines 
Lysine 
Glutamine 
Histidine 
Methionine sulfoxide 
Proline 
Tyrosine 
Valine 
Leucines 
Note reappearance of methionine sulfoxide. 
Figure 16. Chromât ograph of free amino acids from male 
Tribolium confusum fed the diet deficient in both 
methionine and cystine but with homocysteine 
added in place of methionine (diet E) for 44 days. 
Extraction: 28 beetles homogenized in 0.50 ml. 
80# ethanol. 
Labels and comment same as in Figure 15. 
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diet, there was a marked increase in the concentration of 
threonine, and, except where homocysteine was present, there 
was a total disappearance of measurable methionine sulfoxide. 
"When homocysteine was in the diet, there was a small but prob­
ably significant reappearance of methionine sulfoxide. 
That methionine sulfoxide disappears in two sets of the 
methionine-deficient beetles is not in the least surprising. 
That it reappears, even to a small extent, when homocysteine 
is present in the diet in place of methionine is quite interest­
ing, and possibly indicates that at least a certain amount of 
methionine can be formed from homocysteine in this insect. 
Homocysteine was not found among the free amino acids when it 
was present in the diet (or at any other time), suggesting 
that all of it was metabolized in some manner. 
The increase in threonine concentration was unexpected. 
A possible reason for this result can be suggested: with 
methionine absent, protein synthesis may have decreased to 
the extent of leading to a build-up of free threonine, which 
is one of the more ubiquitous amino acids with respect to 
its distribution in proteins. 
It is not thought that this effect necessarily suggests any 
basic difference between this beetle and mammals, especially 
in view of the vast complexity of interrelations between these 
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amino acids and other metabolites, and the attendant diffi­
culties of making predictions about their activities. 
The apparent disappearance of serine from the free amino 
acids in response to the diet where homocysteine was present 
in place of methionine may be speculated upon. In this diet, 
there was a partial reappearance of methionine sulfoxide, 
which means that, assuming the feasibility of homocysteine con­
version to methionine, a methyl group was needed for each mol­
ecule of methionine so formed. It is well known that serine 
and glycine are readily lnterconverted, a methyl group being 
given off or taken up in the process; and further, that the 
methyl group given off can be incorporated into methionine, 
among other compounds (Fruton and Simmonds, 1958). It is pos­
sible, therefore, that serine's disappearance from the free 
amino acids may be accounted for by suggesting the conversion 
of considerable serine to glycine, the methyl groups being 
utilized for methylatlon of homocysteine to form methionine. 
It was also observed that glycine increased in concentration, 
which fits well in this scheme. 
Other observations concerning the free amino acids are 
of interest and should be commented upon at this time. 
Cystine was not detected in any of the chromâtograms, nor 
were taurine and alpha-amino-N-butyric acid. The absence of 
cystine is not unusual as this apparently varies among insects, 
having been reported as absent from the free amino acids of a 
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number of insecte, but present in several others. But it was 
frankly hoped that taurine, and especially alpha-amino-N-
butyrlc acid, would be found among the free amino acids in T. 
confusum, as this would give presumptive evidence for the 
existence of the mammalian-type methionine pathway in this in­
sect. However, the absence of these acids under the conditions 
of the present experiments does not of necessity exclude the 
possibility of this pathway. One reason for making this state­
ment is that the intermediates in the pathways do not go ex­
clusively to these two end products. Homoserine can go to 
threonine, as indicated In Figure 1; alpha-ketobutyric acid can 
go to propionic acid; and L-cysteine sulfinic acid can go to 
pyruvate (Fruton and Simmonds, 1958). Also, cystine could be 
formed from methionine via the pathway In question without 
necessarily being metabolized to taurine. However, in insects 
of group B, where cystine was present in the diet but not 
methionine, no methionine appeared in the free amino acids, 
indicating a probable failure of cystine to give rise to 
methionine, or, and perhaps as likely, indicating that not 
enough cystine was present in the diet to produce this effect, 
since no increase over the normal dietary amount of cystine 
was made. 
No qualitative differences were noted In the free amino 
acids between females and males, except for the occurrence of 
one new spot in the chromâtograms from diet D females (Figures 
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13 and 14). This spot was not identified. The amount of 
threonine increase in the 4 deficiency diets seemed to vary 
between the sexes, but the significance of this is not known. 
Other concentration differences were quite variable and of 
doubtful Importance. 
Changes in Metabolic Rate 
The results of the Warburg determinations of oxygen con­
sumption are presented graphically on the following pages 
(Figures 17 to 20). In each case, the results from beetles 
fed a given deficiency diet are plotted against the same set 
of control data. In other words, control beetles were meas­
ured once, and these same data are compared in each group with 
those from a different deficiency determination. 
Since the control beetles were measured over a period of 
only 90 minutes, and since it was desired only to indicate 
the relative rates of oxygen consumption, it was deemed un­
necessary to show all of the data from each of the 4 deficien­
cy diets, even though the measurements were carried out from 
2 to 4 times as long. Accordingly, only the first 100 minutes 
of measurements are shown for each deficiency diet. 
Comparison of present oxygen consumption data with some 
published earlier for T. confusum is of interest. Park (1936) 
has presented oxygen consumption data for T. confusum living 
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in "fresh* and "conditioned" flour. That is, "fresh" indicated 
that the beetles' flour was changed once a month for three 
months, and the "conditioned" flour had not been changed at all 
during the same period of time. Park gives values for beetles 
in both situations singly, and then presents the mean of the 
two combined. The latter data are possibly more comparable to 
those of the present study. Park's values for fresh and con­
ditioned combined were 1.81 jul. Og/mg./hour for males, and 
2.16 jul. Og/mg./hour for females. The control beetles from the 
present experiments yielded the following results: approxi­
mately 1.97 jul. Og/mg./hour for males, and about 2.12 pi. Og/ 
mg./hour for females. Park's measurements were made at 28° C 
and the present ones at 25°0, which would make the latter 
values appear somewhat higher than Park's. Further, the 
beetles that Park measured were 3 months old, whereas those in 
the current study were approximately 6 weeks old; what dif­
ference, if any, this would make is not known. On the whole, 
however, these values compare reasonably well and indicate the 
validity of the present measurements. Of interest is the fact 
that females have a higher metabolic rate than do the males, 
opposite of the situation in mammals. 
In the first two deficient groups, B (lacking methio­
nine, Figure 17) and C (lacking cystine, Figure 18), there was 
a distinct decrease in metabolic rate. This was more notable 
in the females in each case, since their oxygen consumption 
Figure 17. Oxygen consumption In Trlbollum confusum fed 
lacking methionine 
OXYGEN CONSUMPTION IN TRIBOLIUM CONFUSUM 
— A (CONTROL) 
B (-METHIONINE) 
100 80 60 20 40 0 
TIME IN MINUTES 
Figure 18. Oxygen consumption in Trlbollum confusum fed a diet 
lacking cystine 
OXYGEN CONSUMPTION IN TRIBOLIUM 
of ? 
A (CONTROL) — © &— 
C (-CYSTINE) —• * 
20 40 
TIME IN MINUTES 
CONFUSUM 
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OXYGEN CONSUMPTION IN TRIBOLIUM CONFUSUM 
A (CONTROL) o a— 
0 (-METH.-CYS) —# a— 
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TIME IN MINUTES 
Figure 19. Oxygen consumption in Trlbollum confusum fed a diet 
lacking both methionine and cystine 
» 
I 
Figure 20. Oxygen consumption in Trlbollum confusum fed a diet 
lacking both methionine and cystine, but with homo­
cysteine added in place of methionine 
OXYGEN CONSUMPTION IN TRIBOLIUM CONFUSUM 
A (CONTROL) --e 
E (-METH.-CYS, + HOMOCYS) » 
A 
O» 
^ 0 
60 100 20 60 40 
TIME IN MINUTES 
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dropped to essentially the same level as that of the deficient 
males. In the third deficient diet (D, lacking both methio­
nine and cystine, Figure 19) there was also a very marked drop 
in the consumption rate of the female, but there was a con­
siderable rise in the rate of the males. Finally, in the E 
diet (lacking both methionine and cystine, but with homo­
cysteine added, Figure 20), there was a very marked increase 
in the metabolic rate in both males and females. 
While it might be expected that a dietary deficiency 
could easily bring about a decrease in metabolic rate, as oc­
curred in some of the above cases, it was somewhat surprising 
to note the results of the D and S diets, where one or both of 
the sexes underwent an increase In metabolic rate. The reason 
for these results is not known. 
Histological Changes 
A fairly definite pattern of histological changes was ob­
served, though in most cases the changes were not extreme. 
All of the noted changes occurred in the female reproductive 
system and in the fat bodies. These will be summarized by 
diet and discussed together. 
Diet A (control): The cells of the fat bodies in both 
males and females had small cytoplasmic vacuoles, presumably 
the remains of fat deposits, and the cell boundaries were 
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fairly distinct (Figures 21 and 25). The fat bodies were dis­
tributed, as is normal, closely around the digestive tract and 
also peripherally inside the body wall. The ovaries in Trl­
bollum confusum are of the so-called telotrophlc type., each of 
the two having four ovarioles. An ovariole consists of a 
clavate group of cells, the germarium, forming the distal end; 
a group of cells at the base of the germarium which constitutes 
the viteliarium; and proximal to this, all in a string, are 3 
or 4 developing follicles of Increasing size. Surrounding each 
follicle is a layer of epithelium in which the cells are quite 
cuboid in the small follicles, but stretched to a more squamous 
appearance in the large follicles. The cells of the germarium 
are predominantly trophocytes (nurse cells) which are charac­
terized by large nuclei. Also found in the germarium are 
small interstitial nuclei and oocytes. (See Broseghinl, 1959, 
for s more complete description of ovarian cytology in T. con­
fusum. ) The testes in male beetles are characterized by nu­
merous meiotic figures and large, dense packets of sperm 
(Figure 26). 
Diet B (less methionine): Vacuoles of the fat body cells 
were quite large and there were several cells displaying ab­
normally large nuclei, with the basophilic material distributed 
in a distinct ring around the periphery of the nucleus (Figure 
22). The boundaries of the fat body cells were less distinct 
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than in the normal. The ovaries showed some tendency toward 
degeneration in the germaria; some cells were swollen, and 
many had extremely dark nuclei. The testes looked quite nor­
mal. 
Diet C (less cystine): The tissues of these beetles 
looked quite normal on the whole. The germaria looked much 
the same as those of the control beetles, and the fat was 
somewhat more vacuolate but, overall, appeared more normal 
than that of the B, D and E beetles. The testes looked en­
tirely normal. 
Diet D (less methionine and cystine): The cytoplasm of 
the fat cells was very vacuolate in the females (Figure 23), 
though the cell boundaries were still fairly distinct. Fat 
cells in the males did not appear to be as vacuolate on the 
whole as those of the females, but were still more so than the 
controls. Several degenerate germaria were observed (Figure 
27), though some still looked reasonably normal. The cells 
in the necrotic germaria were very swollen with quite homo­
geneous-appearing cytoplasm and small, dark nuclei. A few of 
the smaller follicles had quite degenerate-looking epithelium 
(Figure 28), the cytoplasm being highly vacuolate. Again the 
male gonads appeared to be normal. 
Diet E (less methionine and cystine, with homocysteine 
added): The results here were quite interesting. The fat 
cells of the female looked at least as vacuolate as those of 

Figure 21. 
Figure 22. 
Portion of fat body from Tribolium confusum fed 
control diet (A). Bundle of skeletal muscle and 
portion of mid-gut wall also apparent. Haemalum, 
5ju, X 400. 
Portion of fat body from Tribolium confusum fed 
methionine-deficient diet (B). Note that cells 
are more vacuolate and less distinct than those 
in Figure 21. Also notice "ring" nuclei (arrows). 
Portion of circulatory system, upper left; small 
follicle with oocyte, bottom center; malpighian 
tubules, to right of center. Haemalum, 5ju, X 400. 
Figure 23. Portion of fat body from Tribolium confusum fed 
methionine- and eystine-free diet (D). Note 
higher degree of vacuolization than in controls 
(Figure 21). Malpighian tubules, upper left and 
right. Haemalum, 5ju, X 400. 
Figure 24. Portion of fat body from Tribolium confusum fed 
diet free of methionine and cystine but with 
homocysteine added (diet E). Note highly vacu­
olate and generally disorganized appearance of 
cells. Haemalum, X 400. 
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Figure 25. Portions of 4 different germaria (mid- and upper-
center) from Tribolium confusum fed control diet 
(A). Portion of fat body, lower center; muscle 
bundle, lower left; portion of mid-gut wall, 
upper left. Haemalum, 5jj, X 400. 
Figure 26. Testis from Tribolium confusum fed control diet 
(A). Notice sperm bundles (arrows) and areas of 
dividing spermatocytes. Haemalum, 5p, X 400. 

Figure 2?. Necrotic germarlum from Tribolium confusum fed 
methionine- and cystine-free diet (D). Note 
swollen trophocytes (arrows) with minute nuclei. 
Portion of mid-gut wall runs diagonally across 
right side. Haemalum, 5ju, X 400. 
Figure 28. Portion of necrotic follicle from Tribolium 
confusum fed methionine- and cystlne-free diet 
(D). Notice vacuolate condition of follicular 
epithelium (arrows). Malpighlan tubules, midl­
and upper-right. Haemalum, 5^ , X 400. 
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the D females, if not more so (Figure 24), "but in the males, 
fat cells looked much the same as those of the control males. 
The female reproductive structures, on the other hand, looked 
as normal as those of the control females. The testes again 
looked entirely normal. 
The pattern that emerges from the above histological ob­
servations is as follows. With respect to the reproductive 
structures, diets in which methionine was absent and not re­
placed (B and D) produced some degeneration in the ovarioles, 
particularly in the germaria, but homocysteine (in the E diet) 
appears to have prevented this. The male gonads, on the other 
hand, did not appear to have been effected by any of the diets. 
The absence of cystine alone seems to have no effect on either 
male or female. The fat bodies were affected very little by 
cystine deficiency, but were quite vacuolate in response to 
all of the other diets, except in diet E, where homocysteine 
again appears to have prevented fat degeneration, but only in 
the males. 
Judging from the effect of methionine deficiency on the 
ovaries, it is probable that one of the biological expressions 
of such deficiency in % confusum would be a net reduction in 
fecundity of the females. The apparent lack of change in the 
male gonad in response to these diets suggests that methionine 
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does not play as important a part in the male, with respect to 
reproduction, as in the female. 
Whether or not the vacuolation of fat body cells is in 
any way comparable to "fatty degeneration" in mammalian liver, 
produced by cystine and methionine deficiency, is very diffi­
cult to say. It has been thought that in Insects, having no 
liver as such, the fat bodies may carry on some of the func­
tions generally ascribed to the mammalian liver. While it 
would be grossly presumptuous to suggest that the present re­
sults in any way substantiate this hypothesis, it is interest­
ing to speculate upon the fact that these results do not de­
tract from the idea. 
Beetle weight in the experimental diets 
Averages were taken of the individual weights of all of 
the beetles whose weights were measured in each diet during 
the course of the study. These averages are as follows: 
Miscellaneous Observations 
Diet Ave. Female Weight Ave. Male Weight 
A 2.04 mg 1.71 mg 
B 2.03 1.75 
C 2.28 1.80 
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D 2.00 1.66 
E 1.61 1.62 
The most noticeable change was that of the E females, 
whose weight dropped to the level of the male in the same 
diet. The other variations probably are not significant, 
and there is, in fact, a fair degree of constancy from 
diet to diet. 
Mortality in the diets 
In diets A through C, from none to 5 or 6 beetles per 
group of 50 often were found dead at the end of the experi­
ment, 40 to 45 days after emergence. However, in diet D, 
there was a slight increase in mortality of the females, and 
a very marked increase, to approximately 50$, in the males. 
In diet E, a mortality of about 50% was observed in both males 
and females. 
These findings in the D and E groups are somewhat enig­
matic with respect to the results of the chromatographic and 
histological analyses, but seem to fit directly into the pat­
tern of markedly- increased metabolic rate in the D and E males 
and E females. Why these beetles may have been so stimulated 
metabolically is not known, but it is perhaps feasible that 
this increased metabolic rate may have contributed to their 
higher death rate. 
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Surveying the net results of this study, there is at this 
point little to indicate that Trlbolium confusurn metabolizes 
methionine by the same or similar pathway as do mammals. The 
most hopeful indication that it does is the observation that 
the presence of homocysteine in the diet partially restored 
free methionine sulfoxide. However, the small degree (25$ at 
best) of reappearance of methionine suggests that perhaps the 
conversion of homocysteine to methionine is not of major im­
portance in this insect. Nevertheless, it should be stated 
again that the present results do not necessarily exclude the 
existence of this pathway in T. confusum. It cannot yet be 
concluded that further study, involving judicious choice of 
dietary constituents, would not show the presence of this 
pathway. For example, it is entirely possible that feeding 
an excess of cystine, methionine or homocysteine might yet 
reveal the presence of taurine or alpha-amino-N-butyric acid 
among the free amino acids. 
Under the conditions of the present study, cystine did 
not appear able to compensate to any degree for the absence 
of methionine, indicating that in T. confusum, as in mammals, 
a certain minimum of methionine is essential in the diet. The 
effects of methionine deficiency do not appear to be extreme, 
however, but a longer-term experiment might yield more marked 
changes. On the other hand, absence of cystine alone from 
the diet seemed to have no effect, except for the decrease in 
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metabolic rate, which was quite marked. These results may-
indicate that the presence of this amino acid in the diet is 
beneficial but not required over a short period of time. The 
short term of the present study does not permit one to project 
the validity of this conclusion over a long-term cystine de­
ficiency. 
The presence of methionine sulfoxide in the free amino 
acids, which may or may not be an artifact of the procedures 
employed, and the increases in threonine concentration noted 
above cannot be overlooked, and, in the writer's opinion, must 
be taken into account in further studies on the problem of 
methionine metabolism in Trlbolium confusum. 
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SUMMARY 
(1) An effort has been made to compare adults of both 
sexes of Trlbolium confusum Duval with mammals in respect to 
methionine metabolism and some of its attendant physiological 
and histological effects. A chemically-defined diet of the 
meridic type, devised for the larval stage by Lemonde and 
Bernard (1951a and b), but held to be adequate within limits 
for the adults of T. confusum, was used. The control diet 
contained 9 vitamins, 19 amino acids, whole brewer's yeast, 
wheat-germ oil,' cholesterol, sodium bicarbonate, dextrin, and 
a salt mixture (see Table 1). As used, the diet was the same 
as that devised by Lemonde and Bernard except for the addition 
of cyanocobalamin and the deletion of extra choline. The diet, 
however, was not lacking in choline inasmuch as the yeast con­
tained considerable amounts of this vitamin. 
(2) Based on published reports of mammalian methionine 
metabolism, a control and 4 deficiency diets were selected, as 
follows: A, control (complete synthetic diet); B, methionine 
only taken from the otherwise complete diet; 0, cystine only 
removed; D, both methionine and cystine removed; and E, 
methionine and cystine removed, but with homocysteine added in 
place of methionine. _ . 
(3) The beetles used in this study were taken from a 
stock culture maintained for more than 12 years on a mixture 
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of rolled oats, fish meal and whole brewer's yeast. Adults 
were obtained by removing pupae from the parent culture, sex-
ing, washing and incubating them. As soon as the adults had 
emerged from their puparia, they were placed in the synthetic 
diets. 
(4) Three means of analysis were employed: two-dimension­
al, descending, paper chromatography of the free amino acids, 
extracted with alcohol from homogenized beetles; Warburg oxy­
gen consumption measurement ; and simple histological examina­
tion, using Mayer's haemalum stain. For the first two analy­
ses, beetles were restricted to the experimental diets for 
periods of 40 to 45 days; for the histology study, 50 to 53 
days. Male and female beetles in each of the 5 diets were fed 
and analyzed separately. 
(5) Except for the presence of threonine in large quan­
tity in the control-diet (diet A) beetles, the control-diet 
beetles and stock-culture beetles yielded the same 13 free 
amino acids. These are: alanines (probably both alpha and 
beta), aspartic acid, glutamic acid, glutamine, glycine, 
histidine, leucines (probably leucine and isoleucine), lysine, 
methionine sulfoxide, proline, serine, tyrosine, and valine. 
(6) The methionine-free diet (B) produced distinct dif­
ferences from the normal control diet. Methionine sulfoxide 
was absent from the free amino acids, while threonine was 
markedly increased. The metabolic rate of both males and fe­
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males was noticeably reduced from that of the controls. The 
fat body cells had less distinct boundaries and were much more 
vacuolate than those of the control beetles. The ovaries 
tended toward some signs of degeneration, but the testes were 
unaffected. The mortality rate on this diet, as well as on 
the control diet, was low, about 0 to 6 deaths per group of 50 
after 40 to 45 days on the diets. 
(7) The beetles fed the cystine-free diet (C) yielded 
chromâtograms essentially like those of the controls, except 
for a small but probably insignificant increase of threonine 
in the males. The reproductive and fat body tissues were 
largely unaffected by this diet, but the metabolic rate showed 
a marked decline as compared with that of the controls. The 
mortality rate on this diet was the same as on the control (A) 
and methionine-free (B) diets. 
(8) The diet lacking in both methionine and cystine 
(diet D) produced effects on the free amino acids like those 
observed in the methionine-free (B) diet. A somewhat greater 
degree of degeneration was noticed in both the ovaries and fat 
bodies of the females fed this diet than seen in females on 
the B diet. The testes of the males were unaffected. The 
metabolic rate of the males increased sharply above the rate 
in the controls, but that of the females declined. Mortality 
rate of the males in this diet increased markedly, to -about 50# 
of the total number, whereas it was much lower for the females. 
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(9) When homocysteine was present in a diet free of both 
methionine and cystine (diet E), there was again a vast in­
crease in free threonine, but methionine sulfoxide had reap­
peared as much as 25# of the amount found in the controls, 
as estimated by transmission densitometry. Serine disappeared, 
and glycine increased. There was a very marked increase, above 
that of the controls, of oxygen consumption by both males and 
females. Mortality on this diet was approximately 50# of the 
total number of beetles in both sexes. Degeneration of female 
reproductive tissues appears to have been prevented by this 
diet, as was vacuolization of fat bodies in the male; but the 
fat bodies of the females were very vacuolate. The testes 
were unaffected. There was a noticeable drop in average weight 
of the females on this diet, from 2.04 mg. in the control fe­
males to 1.61 mg. in the E females. 
(10) Cystine. alpha-amlno-N-butyric acid, and taurine 
were not detected in any of the chromâtograms. 
(11) The following suggestions and interpretations were 
made regarding the net results of this study. 
(a) The appearance of threonine in the chromâtograms 
from beetles on the control and 4 deficiency diets, 
as compared with results from stock-diet beetles, 
may be due to an excess of this amino acid in the 
synthetic diet, or may reflect an inadequacy of 
that diet. 
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Methionine sulfoxide may be a real constituent of 
the free amino acids rather than an artifact of the 
extraction procedure. 
Methionine may be formed from homocysteine in this 
insect (though this pathway may not be of major 
importance here), and it is possible that the methyl 
groups came from serine. 
The high mortality rate of the males on diet D 
(lacking methionine and cystine) and of both sexes 
on diet E (lacking methionine and cystine but with 
homocysteine added) may be related to the marked in­
crease in metabolic rate of the insects in these 
same groups. 
The high degree of fat body vacuolization in 
Trlbolium is in keeping with the observed relation 
in mammals of fatty degeneration of the liver to 
cystine-methionine deficiency; but this does not 
necessarily substantiate or even support the hy­
pothesis that the insect fat bodies perform some of 
the same functions as does the mammalian liver. 
It is likely that methionine deficiency could de­
crease fecundity in the females of T. confusum be­
cause of the degenerative changes noted in the 
ovaries. 
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(g) Lack of effect of methionine deficiency on male 
gonads suggests this amino acid does not play as im­
portant a role in the male with respect to reproduc­
tion. 
(12) The following conclusions were reached concerning 
Trlbollum confusum, interpreted in the light of conditions of 
the present study: 
(a) Homocysteine can probably replace methionine in T. 
confusum, but only to a limited extent. 
(b) Cystine cannot replace methionine, and probably can­
not spare it to any large degree in this insect. 
(c) The presence of cystine in the diet of T. confusum 
may be beneficial but apparently is not necessary, 
at least over a short period of time. 
(d) Some methionine is required in the diet of this 
beetle, especially in the female. 
(e) Taurine and alpha-amino-N-butyric acid are not 
normally present in the free amino acids of T. 
confusum. 
(f) Except for one unidentified chromâtogram spot wnich 
appeared in the females from only the methionine-
and cystine-free diet (D), tnere were no qualitative 
differences in tne free amino acids between male and 
female beetles. 
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